To improve the sustainability of constructed wetlands (CWs), a novel tiered wetland system integrated with a microbial fuel cell (MFC) was developed in this study. Compared to the single stage CW, chemical oxygen demand (COD) removal efficiency was improved from 83.2% to 88.7%. More significantly, this tiered system significantly enhanced total nitrogen removal efficiency (an increase from 53.1% to 75.4%). In terms of MFC integration, a gradually decreased performance in electricity production was observed during its 3 months of operation (the voltage dropped from nearly 600 mV to less than 300 mV), which resulted in a reduction of power density from around 2 W/m 3 to less than 0.5 W/m 3 . The deterioration in performance of the air-cathode is the main reason behind this, since the electrode potential of the cathode under open circuit reduced from 348.5 mV to 49.5 mV while the anode potential kept constant at around À400 mV. However, in spite of its electrical performance reduction, it was proved that MFC integration enhanced COD removal and the nitrification process.
INTRODUCTION
As a recently emerged technology, the integration between a constructed wetland (CW) and microbial fuel cell (MFC), which is also named the constructed wetland-microbial fuel cell (CW-MFC), shows an alternative sustainable platform for wastewater treatment (Yadav ; Yadav et al. ; Doherty et al. a; Xu et al. a) . Sharing the naturally existing redox condition among CWs with MFCs, the electricity produced via MFCs can directly enhance the nutrient removal efficiency (Fang et al. ; Srivastava et al. ; Xu et al. b) and has the potential to be captured for other intentions (Wang et al. ) . However, in retrospect those published works on CW-MFC revealed several limitations. One of these is the low power production, which is mainly due to the low oxygen reduction performance of the air-cathode, and the higher internal resistance (Doherty et al. b) . Another issue would be the effluent quality, which still needs to be further improved.
As such, the performance of the cathode in CW-MFC is playing an important role in determining the electrical generation capacity of the system. By optimizing the materials and configurations of the bio-cathode in CW-MFC, Liu et al. (Liu et al. ) revealed that a stainless steel mesh coupled granular activated carbon cathode show the best performance in electricity production among others. While in one of the previous studies in our group, it was found that a simultaneous upflow and downflow operation regime in a CW-MFC contributed to an increase in the power production, since both the oxygen provision and electrode spacing are critical factors in maintaining a high level of electricity production (Doherty et al. b) . However, this regime had a sacrifice in effluent quality and wouldn't be suggested as a standalone unit. Considering this, a two stage CW-MFC was then developed to improve the effluent quality and energy harvest (Doherty & Zhao ) .
Herein, based on our previous experiences, a new configuration of CW-MFC system was developed which is based on a tiered CW to further improve its feasibility. With the integration of MFC in the upper part of the CW and a conductive membrane engaged cathode, influent was firstly pumped into the inner part of the system under the upflow regime, then the filtrate through the cathode membrane as the outflow was cascaded to the downflow part with the effluent finally discharged at the bottom of the system. By using this, high quality effluent can be obtained simultaneously with an enhanced power output. It is hoped that this type of CW-MFC can be a useful attempt to upgrade the traditional CW.
EXPERIMENTAL SETUP

CW-MFC system setup and operation
The CW-MFC system mainly consisted of two parts (i.e. inner/upper and outer/bottom part) ( Figure 1 ). Dewatered alum sludge (DAS) with an average particle size of 10-15 mm was used as the main substrate in the CW. The inner section is an upflow CW-MFC (15 cm in internal diameter, 32 cm in height) owning a total volume of approximately 5 L with a net liquid volume of around 2 L. The outer part is surrounded downflow CW with a total volume of 8 L and a net working volume of about 3 L. Stainless steel mesh (SSM, with a thickness of 1 mm, 5 Mesh) sandwiched in 3 cm thick of graphite gravel and SSM net (with average pore size of around 200 μm) with a thin layer of particle activated carbon were used as the anode and cathode, respectively, and were connected by insulated copper wire through an external circuit with a resistor of 500 Ω. In terms of the inner part, an SSM net cathode was sealed at the top of the reactor with the anode located underneath, and the spacing between them is around 10 cm. At the bottom of each part, a depth of 30 mm gravel with an average diameter of 5 mm was filled as the support and to improve the distribution of wastewater in the wetland.
Prior to the start-up of the system, activated sludge sourced from Malahide Wastewater Treatment Plant, Dublin, was used for the inoculation of the system. The synthetic wastewater as influent was continuously fed into the system. The composition of the synthetic wastewater consisted of: glucose, 0.281 g/L; NH 4 Cl, 57 mg/L; K 2 HPO 4 , 18.23 mg/L; CaCl 2 , 11.5 mg/L; MgSO 4 , 12 mg/L; and trace element solution, 10 mL/L. The influent was firstly continuously pumped into the upflow CW-MFC at the bottom, passing through the anode compartment and then the SSM net (air-cathode). Thereafter, the effluent was directly cascaded to the second stage, which is a downflow CW, to further enhance the nutrient removal. The final effluent was then discharged at the bottom of the second stage of the system. All experiments were conducted for around 3 months at room temperature (20 ± 2 W C).
Analysis and calculations
After a period of steady operation the performance of the system in wastewater treatment was investigated in terms of the regular water quality index, including chemical oxygen demand (COD), total nitrogen (TN), NH 4 þ -N, NO 3 --N, NO 2 --N, and reactive phosphate (RP). Among them, COD, NH 4 þ -N, NO 3 --N, NO 2 --N and RP were analysed using a Hach DR/ 2400 spectrophotometer according to its standard operating procedures. TN was determined with the persulfate method (Greenberg et al. ) . For accurate results, all parameters were measured 2-3 times per week and the results were presented as an average value with its standard deviation. The electricity performance was monitored through a data acquisition system (USB-6000, National Instruments) in terms of the voltage drop (V) across the external resistor. Power densities (P ¼ U 2 /RS, mW/m 2 ) were determined through basic electrical calculations, where U is the voltage (V), R is the resistance (Ω) and S is the cross section area of the reactor (m 2 ). To obtain the polarization curve, external resistance was varied over a range from 580 KΩ to 20 Ω and the steady-state voltage across the resistors was measured. The electrode potentials were determined against a saturated Ag/AgCl electrode (Mettler Toledo).
For coulombic efficiency (CE) (the fraction of electrons used for electricity generation versus the electrons in the starting organic matter), this was calculated through the formula shown in Equation (1), which was derived from Logan (Logan ) for MFCs fueled by complex wastewaters at a continuous rate.
, which is 32. I is current (A) and F is Faraday's constant (C/mol), which is 94,685. q is flow rate (L/s) while b is the number of electrons donated per mole of O 2 (mol e -/mol O 2 ), which is 4. Finally, △COD represents the change in COD between influent and effluent (g/L).
RESULTS AND DISCUSSION
System performance in nutrients removal
Nutrient removal efficiency in each part of the system was examined throughout the stable operation period ( Figure 2 ). It can be seen that most of the COD (83.2%) and phosphate (94.5%) were removed in just the upper part of the system. The outer part of the system only showed a little improvement in terms of COD (an increase from 83.2% to 88.7%) and no further enhancement of phosphate removal. A number of our previous studies have already shown that the DAS based CWs own a decent COD removal ability together with their extraordinary performance in phosphate adsorption ( The reason for the limited reduction of these in the outer part of the system is mainly the lowstrength synthetic wastewater in the system (with influent COD and phosphate around 300 mg/L and 10 mg/L, respectively). As can be seen from Figure 2 (a), the COD of the effluent from the inner part had already reduced to less than 50 mg/L with phosphate less than 1.0 mg/L. This might be nearly close to the removal limitations of the system, since the microorganisms will also release some organic matter during their metabolic process (organics consumption process). Thus the outer part of the system shows no obvious influence on COD and phosphate removal. However, a higher organic and phosphate loading will be used in the forthcoming study to test the tolerance of the system. As for the nitrogen removal (Figure 2(b) ), the inner part of the system shows a comparable effect on the TN removal compared to the previous studies (Doherty et al. b; Xu et al. b) , which is mainly due to the simultaneous nitrification and denitrification process occurring in the system. Moreover, after passing through the outer part of the system, TN removal efficiency was greatly enhanced from 53.1% to 75.4%. More specifically, the outer part of the system actually increased the amount of ammonia but decreased the concentration of nitrate, which indicated that the outer downflow CW showed a great performance in the denitrification process for nitrogen removal. It is clear that through the inner part, most of the nitrification occurred on the top of the inner part where the surface is exposed to air, utilizing oxygen to accomplish the nitrification process. In addition, it is worth noting that the cascade process from the inner/top part to the outer/ bottom part (which can also be termed the drop aeration process) can further enhance the oxygen to be dissolved into the water, which contributes to the nitrification process, and then denitrification occurred in the lower region of the outer part. Since the flow went through the outer part, the condition of the system gradually turned from aerobic into anoxic and finally anaerobic at the bottom, which provided the conditions for the denitrification process. There is no significant nitrite accumulated in the system which is consistent with the previous work (Xu et al. b) . 
Electricity generation during the long term operation
As shown in Figure 1 , MFC was integrated into the inner part of the system. Along with the oxidization of glucose by the bacteria, protons and electrons were produced within the system. Protons were diffused from the anodic area to the cathode, and they were combined with oxygen from the air and electrons from the anode using an external circuit. As a result, water was produced simultaneously with the electricity production.
The electricity generation of the system over a period of nearly three months is illustrated in Figure 3 (a). From this it is clear to see that the performance of the electricity production reduced as the operational period went by. This is the first time this problem has been reported during a CW-MFC's operation. At the beginning of the monitoring, which was two weeks after the inoculation, the voltage across the external resistor of 500 Ω was 589.9 mV. This is comparable or even exceeds some of the pure MFC studies. For more detailed information, the internal resistance of the system was only 129.82 Ω during this period (derived from its polarization curve). To the best of our knowledge, this is almost the smallest internal resistance reported among all published CW-MFC studies (previous work in our laboratory showed a range between 300 Ω and 500 Ω), reflecting the novel configuration of the system. With the adaption of the conductive air membrane cathode (SSM), the spacing between the anode and cathode can be greatly reduced without sacrificing anode potential. More specifically, the anode and cathode potential during this period was À362 mV and 227.9 mV, respectively. The cathode showed an expected performance, since a layer of powder activated carbon (PAC) was used as the catalyst for oxygen reduction on the top of the cathode. It has been proved by many studies that PAC has a comparable catalytic performance in oxygen reduction to Pt in MFC's application (Zhang et al. ; Cheng & Wu ) . On the 15th day of operation, the voltage dropped to around 450 mV, with the cathode potential decreased to less than 150 mV while the anode potential increased a little to À333.7 mV. After the 60th day, the voltage showed a further decrease to around 300 mV. It was interesting to see that both the anode potential and cathode potential at that time showed a great decrease (À233.7 mV and 49.5 mV respectively). However, in terms of those electrode potentials under the open circuit condition (Figure 3(c) ), it can be seen that the actual anode potentials show minor changes over the operation time (maintaining at around À400 mV) while the cathode potential is decreased from 348.5 mV to 232.8 and finally to 49.5 mV. With regard to the power production during the operation period, the power density decreased with the operational time (from almost 2.0 W/m 3 to less than 0.5 W/m 3 ) (Figure 3(b) ). The deterioration of the performance in electricity production was mainly caused by the reduced performance of the cathode where the oxygen reduction reaction occurred. The explanations for this are as follows. (1) At the beginning, uncontaminated PAC was induced to act as the catalyst for oxygen reduction, which contributed to the reduction of O 2 , resulting in a comparably higher reduction potential. Throughout the operation, PAC was gradually contaminated by the pollutants in the effluent, which could reduce its catalytic performance. In addition, a bacteria film formed on the surface of the PAC, which could further hinder its capability in oxygen reduction. (2) Another possible reason for the reduced performance of the cathode might be the gradual change of the redox condition in the system. Since the bottom region of the CW was maintained under an anaerobic condition, those loosely attached anaerobic bacteria could be carried by the flow and then migrated to the upper region of the CW, which finally accumulated on the cathode current collector (SSM). Thus the top region of the CW may gradually turn from aerobic into an anoxic or even anaerobic condition. As a result, though the cathode was exposed to air, O 2 was actually still the limitation for the cathode reaction since most of the O 2 was consumed by the biofilm layer. It is the first time this problem has been revealed in a CW-MFC's operation. Obviously, further work is highly desirable.
Significances of MFC integration
In order to figure out the contributions of MFC integration in nutrient removal, effluents from the upper part were sampled under close-circuit and open-circuit, respectively, and the differences are shown in Figure 4(a) . It is clear to see that the integration of MFC enhanced COD removal (by around 5%). In addition, Fang et al. (Fang et al. ) and Srivastava et al. (Srivastava et al. ) showed that the existence of MFC in CWs can improve by 10% to 20% COD removal efficiency compared to the opencircuit mode. In terms of nitrogen removal in this study, ammonium removal was significantly improved (reduced from 4.75 ± 0.35 mg/l to 2.3 ± 1.04 mg/l), leading to an enhanced nitrification process. Correspondingly, nitrate increased from 3.13 ± 1.16 mg/l to 4.62 ± 1.67 mg/l. Since the increase in nitrate is less than the reduction of ammonium, it is believed that a denitrification process occurred during that time. However, with regard to total nitrogen, its content only showed a slight decrease (Figure 4(a) ), revealing that some of the nitrogen might change into the form of organic nitrogen during nitrogen metabolism. The main reasons behind the nitrogen changes may be complicated, but electrical stimulation and denitrification bio-cathode formation might be the impulse behind this (Xu et al. b) . As such, it is reasonable to understand that the reduction of the voltage could be derived from the electrons captured by other microbes, rather than for oxygen reduction, like denitrifiers or the heterotrophs. CE and normalized energy recovery (NER) are two important parameters in MFC technology that indicate the performance of its electrical aspect. They represent the amount of organic matter converted to electricity and the ability of MFC to convert organics in wastewater into electricity, respectively. As for NER, its value can be calculated based on NER ¼ (power)/(wastewater flow rate × ΔCOD) (Ge et al. ) . Here, both values of the system were evaluated during the operation period (Figure 4(b) ). The highest NER is around 55 Wh/kg COD, which is corresponding to the highest CE of 1.85%. However, both the CE and NER exhibited a decrease through the operation time, to 9.379 Wh/kg COD and 0.89% at the 60th day, respectively. Previous researches have already shown that the COD removed in a CW-MFC integrated system is less related to the electricity produced (low CE), which accounted for a range between 0.05% and 3.9% (Doherty et al. a) . Actually, it would not be hard to understand this low contribution of MFC in the system, since the anode is only a small part of the system, and those produced electrons captured by the anode current collector are actually limited by its volume. In addition, the oxidation of organic matter by the exoelectrogenes is a slow process, thus compared to the flow rate (relatively high), the organics were actually not fully consumed by those related bacteria. This is why some pure MFC were conducted under batch mode, which gave enough time for the bacteria to degrade the organic matter. To essentially improve CE, attention should be paid to improving the efficiency of either electron collection at the anode or their utilization in reduction reactions at the cathode.
Outlook
The integration of MFCs with CWs is still in its infancy. Although promising, a number of challenges are confronted before its practical application. The adoption of an aircathode seems to be a trend in configuration to form the CW-MFC system. Without using any precious catalyst, the CW-MFC has the ability for a wastewater treatment function compared to conventional CWs. However, as can be seen from Figure 2(a) , its electrical performance gradually decreased through the operation time. Thus, focuses are required to explore its long-term sustainability. Since the decreased performance is mainly derived from the deterioration of the cathode, maintaining the cathode under its favourable condition (the aerobic condition) is the key issue to solving this problem. In addition, excessive propagation of heterotrophic bacteria will over consume the oxygen around the cathode, which can also decrease the air-cathode performance. Thus, exploring an effective operation regime that takes into account both of these will help to enhance the practical usage of the system.
Another issue for the system is the possibility to further improve the effluent quality. As can be seen from Figure 1 , MFC was only engaged in the upper part of this system, which left the outer/bottom part as a traditional downflow CW. So if more MFC modules can be built in the outer part, it will certainly further enhance the nutrient removal and improve CE together with NER, since more organics could be used to generate electricity. In addition, in-situ utilization of the produced electricity (working as a microbial electrolysis cell) can be another issue to explore in the system. Overall, this kind of integration could be a versatile platform in wastewater treatment and has a high potential in traditional CWs' upgrading.
CONCLUSIONS
In this study, a tiered CW was integrated with MFC to further enhance its nutrient removal ability while maintaining simultaneous electricity production. The results showed that this tiered system has a higher ability in COD and TN removal compared to the traditional CW. More significantly, the integration of MFC also contributed to COD removal and the enhancement of the nitrification process. However, to improve its feasibility, further work should be done in terms of its stability in electricity production.
